A method of determining the temperature profile along a short length of optical fiber containing a chirped grating is presented. This provides an alternative to the known method of integrating differences between power-only reflectance spectra to recover a distributed measurement of temperature or strain within a chirped grating without the additional equipment requirements of a phase spectrum measurement. In contrast to other methods of processing the spectra of chirped gratings, the windowed cross-correlation method monitors local wavelength shifts directly, and offers immunity to spurious temperature or strain gradients arising from amplitude measurement errors.
INTRODUCTION
Fiber grating sensing has been limited in the spatial density of measurement points that can be resolved by conventional wavelength and time domain multiplexing 1 of many separate ~1 cm long fiber Bragg gratings (FBGs) or by distributed sensing by stimulated Brillouin scattering (SBS) and other weak nonlinear phenomena of plain optical fiber 2 . Given a full phase and amplitude spectrum of an FBG, recovery of arbitrary temperature or strain profiles with sub-millimeter resolution has been achieved 3, 4 . Time-frequency Wigner-Ville spectrogram methods have overcome the monotonicity requirement 5 . This work presents a method of determining an intra-grating temperature profile, from conventional power reflectance spectra of a linearly chirped grating. It is suitable for use when the spectral perturbation is small in comparison to the measurement tilt error induced by amplitude drifts in the previously reported method of integration-ofdifferences 1, 6 .
EXPERIMENTAL METHODS

Fabrication of chirped fiber Bragg grating
Standard telecommunications fiber was hydrogen loaded [approx. 100 atm., 40 C, 100 hours]. A scanning FBG fabrication system was employed to expose a stripped section of fiber with a CW beam of > 200 mW, 244 nm through a chirped phase mask. The beam of ~1.0 mm full-width to 1/e 2 was scanned along an 18 mm length, with a phase mask shaker (dither) used to flatten the average exposure, and apply controlled apodization by gradually increasing the dither towards the grating ends. The phase mask was linearly chirped to vary the local Bragg resonant wavelength Bragg at 20 nm/cm. The exposure was performed at constant scan velocity with a high performance linear translation stage. The sample was annealed for 150 s at 330 C to accelerate H 2 out-gassing and improve stability.
Measurement of reflection spectra
The reflectance spectrum of the FBG was measured with a super-luminescent (SLED) broadband source illuminating the FBG via a 50:50 coupler. An optical spectrum analyzer (OSA) recorded the return spectrum through the 2 nd coupler input. Data were normalized to the shape of a spectrum returned from an FC/PC connector located in place of the grating, which provided a spectrally flat Fresnel reflection at -14.6 dB. The spare coupler output was directed to an FC/APC connector. The OSA resolution was 0.02 nm, with a noise floor below -80 dBm and a measurement acquisition time of 20 s per spectrum.
Apparatus to apply a known temperature profile
The fiber sample was held under constant tension of 0.2 N between an attachment clamp and a pulley. The fiber was threaded through 2 mm diameter holes in a series of aluminum blocks whose temperatures could be adjusted by a Peltier thermo-electric cooler (TEC), as indicated in Fig. 1 . The temperatures in similar holes located symmetrically opposite to the fiber were monitored with K-type thermocouples and a dual digital thermometer with ±0.2 C accuracy. A temperature step of 0 to 50 C was obtained by application of DC current to the TEC. The settling time of the apparatus was 30 minutes.
Calibration of temperature coefficient of FBG
From conventional FBG sensor calibration tests, using a uniform temperature tube oven, the linear temperature coefficient of other chirped FBG samples made with the same equipment and materials was 9.1 pm/ C at 1540 nm, tested over a range of 20 to 200 C.
PROCESSING SPECTRA OF CHIRPED FBG IN NONUNIFORM TEMPERATURE FIELD
Measured example spectrum
All of the calculations presented were implemented in Labview® and operated on spectra transferred via GPIB from the OSA. A typical normalized power reflectance spectrum at uniform temperature is shown below in Figure 2 . Changing the temperature from 20 to 32 C resulted in no substantial change to the power reflectance spectrum. A small wavelength shift could be observed in the edges and in the fine ripple when the reference and the disturbed spectra were superimposed and highly magnified. The shape of the spectrum did not change significantly on application of a temperature step from 20 to 32 C anywhere within the grating region. 
Pre-filter to emphasize ripple
Any high-pass filter may be employed to emphasize the ripple structure in such spectra. The derivative of the spectra was chosen to ensure a zero response to DC levels and measurement level drift, and increasing response with respect to spatial frequency in the data, with no requirement to adjust filter parameters. The particular pattern of ripple derivatives was preserved and mainly shifted by the temperature increase. These derivative traces were repeatable, with noise at least 13 dB weaker than the typical ripple, obtained from the data of Fig. 2 ., which had a 30 dB signal to noise ratio. However, large temperature gradients could change both the period and the particular pattern, making this study most applicable to small temperature changes of less than 20 C deviation between the conditions of the reference spectrum and the measurement.
Cross-correlation
The derivatives D = dR/d of reference R( ) reference and the measurement R( ) data were processed by selecting a block of length B points centered at position number a in R( ), from n 1 = a -½B to n 2 = a + ½B , and calculating the discrete cross-correlation function of reflectance derivatives (CCRD), a,b , between reference and data segments at each shift b. 
The portion of data from n 1 to n 2 is charted around a center point of a = 980 in Fig. 3(a) . It is clearly visible that the measurement data (solid line) contains features which are shifted toward shorter wavelength than the reference (dashed line). The value of the shift is found from the location of the peak in the cross-correlation function, Fig. 3(b) , which was -49 pm. Parabolic peak fitting over 7 points (0.07 nm) with interpolation was employed. Dividing the shift by the thermal calibration constant of 9.1 pm/ C resulted in the estimate of temperature being 5.4 C cooler than the reference. A cross-correlation peak at +70 pm in Fig. 3(c) indicated a temperature 7.7 C warmer than the reference, found from processing of data shown in Fig. 3(d) , centered at point 1507. Applying the same procedure to the whole spectrum, gives a distributed measurement of wavelength shift, from which the temperature profile may be found. The intensity plots of Fig.4 present the processed data from calculations with B = 50 points, spanning ±0.5 nm about each point. Limits of the wavelength shifts within the window were equivalent to temperature changes of -55 to +55 C relative to the reference temperature of 26 C. Arrows above Fig. 4(b) mark the columns 980 and 1507 corresponding to Fig. 3 .
Visual interpretation of cross-correlation plots
The horizontal axis of Fig. 4 counts the point a in the reference OSA trace around which the block of B points of data is selected. From the known linear chirp of the grating, a position Z can be found corresponding uniquely to each. The interchangeability of Z, ,and a are emphasized by showing all three interpretations of the x-axis below Fig. 4(c) . Figure 4 , the cross-correlation between reference and data derivatives peaked at the bright horizontal feature midway up the plots. For the uniform temperatures of 20 C shown in Fig. 4(a) and 32 C in Fig. 4(c) , the level of a bright band marked the wavelength shift. The maximum of the cross-correlation function aligned most of the ripples in a block of data with a reference at 26 C. When the temperature step was moved to the middle of the FBG, there was a visible trend for the central maximum of to follow the temperature profile, with a gradual step as shown in Fig. 4(b) . The CCRD method detects shifts to the ripple features in the spectrum, at each location in it.
As for any FBG sensor, a wavelength shift can be interpreted as either a temperature or strain change. In these constanttension tests, the wavelength shift at each point in the grating was induced by the local temperature change. From knowledge of the reference temperature, the chirp rate of the grating, and the calibration coefficient d /dT, the shift of maxima in each column of indicated a distributed temperature profile at each location Z along the grating.
Automatic interpretation and limitations
Work is in progress to automate the procedure of inspecting to extract a temperature profile. Here we discuss factors limiting the effectiveness of the method. The cause of the small ripples in the chirped grating spectra was an unidentified idiosyncrasy of fabrication. Some parts of the grating spectrum were too flat for a small shift to be identified. Any large temperature gradient of sufficient magnitude to distort the chirp rate compressed features in that part of the spectrum, resulting in lower values at the correlation peak, such that another portion of the spectrum may, due to noise, have a higher correlation to the distorted block of data than the correct one. This, and suspected group delay ripple, resulted in spurious bright spots in , which did not necessarily follow the temperature profile, and are evident in Fig. 4(b) . For the particular grating studied, with 20 nm/cm chirp rate, the temperature profile became lost amongst artifacts for temperature steps greater than ~20 C. It is envisaged that interpretation software will require a considerable degree of intelligence to mitigate the inherent limitations of the method. Nevertheless, automated CCRD outperformed conventional integration of differences 1, 6 when the temperature gradient was less than 5 C/mm, so the new method complements the usual route to interpretation of chirped grating spectra in a temperature profile, by avoiding integration of amplitude errors when tracking local wavelength shifts. The CCRD 'cross-correlation' method may best be applied to confirm flatness of a temperature profile, as demonstrated by the images of Fig. 4(a) and 4(c) , or applied to monitor small deviations from a flat temperature profile.
CONCLUSION
An alternative method of extracting the temperature distribution of a chirped grating from reflectance spectra has been presented. Evaluation of performance is in progress. Capability to monitor a distributed temperature profile of amplitude of 1 to 20 C within small regions of ~ 10 to 50 mm length may find application in validation of heat sinking and thermal design for high performance electronic devices.
